Recently, we demonstrated that reduced intensity conditioning (RIC) followed by partial T-cell-depleted SCT creates a platform for inducing the graft-versus-myeloma effect by adjuvant immunotherapy. Here, we evaluated mHA-specific T-cell responses in a multiple myeloma (MM) patient who was treated with RIC --SCT followed by donor lymphocyte infusion (DLI) and subsequent recipient DC vaccination. We isolated a mHA-specific CTL clone with the capacity to target MM tumor cells from this patient experiencing long-term CR. This CTL clone recognizes an HLA-A3-restricted mHA and mediates killing of both primary MM cells and the MM-cell line U266, while BM-derived fibroblasts are not recognized. CTL-specific T-cell receptor (TCR) transcripts could be detected by quantitative PCR analysis in both peripheral blood and BM during tumor remission. Interestingly, a strong increase of CTL-specific TCR transcripts at the BM tumor site was observed following DLI and recipient DC vaccination, while the TCR signal in peripheral blood decreased. These findings illustrate that the approach of partial T-cell-depleted RIC --SCT followed by post-transplantation immunotherapy induces mHA-specific T-cell responses targeting MM tumor cells. Keywords: graft-versus-tumor; minor histocompatibility antigen; multiple myeloma; immunotherapy; cytotoxic T cells; DCs
INTRODUCTION
Allo-SCT has the potential to cure patients with multiple myeloma (MM) due to the graft-versus-myeloma (GVM) effect. 1, 2 This GVM effect can be mediated by alloreactive donor T cells targeting mHA expressed on myeloma tumor cells in the BM. Previously, we have established the potential of partial T-cell-depleted allo-SCT followed by pre-emptive donor lymphocyte infusion (DLI) to induce GVM immunity with limited risk of inducing GVHD. These studies showed that long-term CR can be induced in about one third of MM patients. 3 To further improve these results, we have explored the possibility of boosting GVM immunity, without the toxicity and morbidity due to GVHD, by means of recipient DC vaccination post-DLI. Although we showed that mature recipientderived DC could be generated, and that vaccination resulted in limited toxicity, no obvious direct effects on tumor load could be demonstrated. 4 In the setting of using unloaded recipient-derived DC vaccines, we aimed at the induction of alloreactive donor T-cell responses against both known and unknown mHA on myeloma tumor cells of the recipient. Previously, it has been reported that mHA-specific CTL isolated from transplanted MM patients are able to target mHA, like HA-1, 5 ADIR 6 and ECGF, 7 that are co-expressed by MM tumor cells and monocyte-derived DCs. In this study, we investigated mHA-specific-CD8
þ T-cell responses in a MM patient who successfully obtained long-term clinical remission (CR) in the absence of GVHD after treatment with reduced intensity conditioning (RIC) --SCT followed by DLI and recipient DC vaccination. Following DC vaccination, primary T-cell responses were elicited against keyhole limpet hemocyanin (KLH) that was used as control Ag and for providing T helper responses. Although no CD8
þ T cells were found against known mHA, an HLA-A3-restricted CTL directed against an unknown mHA could be isolated from the BM. This mHA-specific CTL clone recognized both primary MM cells as well as MM cell lines, whereas healthy BM-derived fibroblasts were not recognized. In addition, we found a strong increase in the CTL-specific T-cell receptor (TCR) signal in the BM during post-transplant immunotherapy, while the TCR signal in peripheral blood decreased. These findings suggest that post-transplant immunotherapy results in boosting or increased trafficking of mHA-specific CTL to the BM.
MATERIALS AND METHODS

Transplantation procedure
Before transplantation a conditioning regimen consisting of 1200 mg/m 2 Cy was given i.v. in combination with 30 mg/m 2 fludarabine (Flu) on each of 4 consecutive days (days 5, 4, 3 and 2 before SCT). Partial T-cell depletion was performed using anti-CD3 and anti-CD19 immunomagnetic beads (Miltenyi Biotec, Bergisch Gladbach, Germany) and 0.5 Â 10 6 CD3 þ T cells per kg body weight were given within the graft. Subsequent preemptive DLIs were given at week-34 post-SCT (1 Â 10 6 CD3 þ T cells/kg) and at week-44 post-SCT (5 Â 10 6 CD3 þ T cells/kg). Furthermore, patient UPN8458 received additional immunotherapy in the form of autologous KLH-pulsed DC vaccination starting at week-65 post-SCT. DC vaccines were produced as described previously. 4 Vaccination was performed three times at 2-week intervals. The DC dose was injected i.v. (7x10 6 ) and intradermally (3x10 6 ) in the upper leg near the inguinal lymph node region. At specific time points BM aspirates and PBMC were collected to evaluate responses.
The study was approved by the Local Ethics Committee of Radboud University Nijmegen Medical Centre.
Cell isolation and culture
CD8
þ CTL clones 44 and 298 were isolated from BM mononuclear cells obtained 9-weeks post-DLI-2. For this, BM mononuclear cells were single-
À cells by flow cytometry (Elite, Beckman Coulter, Fullerton, CA, USA) and cultured in Iscove's modified Dulbecco's medium (IMDM; Invitrogen, Carlsbad, CA, USA) supplemented with 10% human serum (HS; Sanquin blood bank, Nijmegen, the Netherlands). These single-cell cultures were stimulated weekly with irradiated (80 Gy) recipient EBV --lymphoblastoid cell line (LCL) (1 Â 10 4 ), irradiated (60 Gy) allogeneic PBMC (0.5x10 6 ) from two donors, 100 IU/mL IL-2 (Chiron, Emeryville, CA, USA) and 1 mg/mL PHA-M (Boehringer, Alkmaar, the Netherlands). CTL cultures consisting of more than 0.5 Â 10 6 cells were maintained and subsequently cultured with irradiated recipient EBV --LCL (0.5 Â 10 6 ), allogeneic PBMC (0.5x10 6 ) from two donors, 100 IU/mL IL-2 and 1 mg/mL PHA-M. All cell lines were cultured in IMDM/10% FCS. Fibroblasts were cultured from BM aspirates obtained from healthy stem cell donors. For this, BM was resuspended in 20 mL IMDM/20% FCS and incubated overnight at 37 1C in tissue culture flasks. The non-adherent fraction was removed and fibroblasts were further cultured in IMDM/20% FCS to passage 3 before analysis. Monocytes were isolated from PBMCs via plastic adherence in tissue-culture flasks (Greiner Bio-One, Alphen a/d Rija, The Netherlands). Immature DC were generated by culturing adherent monocytes in X-VIVO-15 medium (Lonza) supplemented with 2% HS, 500 U/mL IL-4 (Immunotools), and 800 U/mL GM-CSF (Immunotools, Friesoythe, Germany). Maturation of DCs was induced at day 6 by culturing 0.5 Â 10 6 immature DC/mL in 6-well plates (Costar; Corning, Zwijndrecht, The Netherlands) in X-VIVO-15/2% HS containing 500 U/mL IL-4, 800 U/mL GM-CSF, 5 ng/mL IL-1b, 15 ng/mL IL-6, 20 ng/mL TNF-a (all Immunotools), and 1 mg/mL PGE2 (Pharmacia & Upjohn, Kalamazoo, MI, USA). At day 8, mature DCs were harvested and used in CTL stimulation assays.
Flow cytometry-based cytotoxicity studies
Flow cytometry-based cytotoxicity assays were performed as previously described. 8, 9 Briefly, HLA-A3 þ cell lines were labeled with 2.5 mM carboxyfluorescein diacetate succimidyl ester (CFSE; Molecular Probes Europe, Leiden, The Netherlands). Target 
Real-time quantitative PCR analysis
Total RNA was isolated from cells by the Trizol method (Invitrogen) or the Zymo RNA isolation kit II (Zymo Research Corporation, Orange, CA, USA). First-strand cDNA was prepared from total RNA (2 mg) using an oligo-dT primer, random hexamers and Mo-MuLV reverse transcriptase (Invitrogen). For the TCR) of CD8 þ CTL clone, 44 gene-specific primers sets were designed at the 5 0 and 3 0 end of the hypervariable domain. The following primers were used: TCR-F 5 0 -gctgctcagtgatcggttctc-3 0 , TCR-R 5 0 -gccaaaatactgcgtataatctgc-3
0 . In addition, primers were used specific for CD8: CD8-F 5 0 -ccctgagcaactccatcatgt-3 0 , CD8-R 5 0 gtgggcttcgctggca-3 0 . One mL of cDNA was amplified in a 25 mL SYBR Green PCR mastermix (Applied Biosystems, Bleiswijk, The Netherlands) containing 150 nM of each primer. The porphobilinogen deaminase (Pbgd) gene was used to normalize the expression of each candidate gene. The following primers were used for Pbgd real-time PCR: Pbgd-F 5 0 -ggcaatgcggctgcaa-3 0 , Pbgd-R 5 0 -gggtacccacgcgaatcac-3 0 . The reaction mixture for the Pbgd-PCR was amplified in a 25 mL SYBR Green PCR mastermix (Applied Biosystems) containing 150 nM of each primer in a total volume of 25 mL. PCR amplification was performed using an ABI Prism 7700 (Applied Biosystems) with the following PCR conditions: enzyme activation for 10 min at 95 1C, followed by 45 cycles of 95 1C for 15 s and 62 1C of 1 min. Subsequently, the threshold cycle (Ct) was determined by software analysis. The expression of candidate genes was calculated using bone marrow mononuclear cells (BMMC) or PBMC collected at time of first DLI (that is, 34-weeks post-SCT), as calibrator with the following formula: (2 (ÀDDCt) )*100. 10 
RESULTS
Case description
In 2006, we transplanted a 39-year-old male (UPN8458) for symptomatic MM with a partially T-cell-depleted peripheral stem cell graft from his HLA-identical sister (A2, A3, B7 and B35). At diagnosis, this patient presented with an M-protein of 52.7 g/L IgG kappa. Treatment was started in the current HOVON50 protocol consisting of 3xVAD, CAD and stem cell collection followed by autologous SCT after high-dose Melphalan. 4 Five months later the autologous SCT was followed by a RIC allogeneic SCT. At time of allo-SCT, the patient was in PR with a persistent M-protein of 16.9 g/L. Post transplant, the patient did not develop any acute GVHD and received two preemptive DLIs after discontinuation of CsA. At 25-weeks post-SCT, complete donor chimerism was achieved (Figure 1) . Tumor evaluation by measuring M-protein in UPN8458 showed undetectable levels from week-9 post DLI-2 and the patient reached CR, which remains up to 63-months post-SCT. A patient-specific IgH-PCR was developed and this PCR became negative after DLI, indicating molecular remission (data not shown). As part of the post-transplantation immunotherapy, DC vaccinations generated from a cryopreserved recipient apheresis product were administered 4 ( Figure 1 ). While local induration at the intradermal site of injection and fever were observed, no GVHD occurred. After the immunizations, KLHspecific T cells were induced but no antibodies against KLH could be detected. No mHA-specific T cells were found against known mHA that were mismatched between donor and recipient on DNA level (that is, SMCY.A2, SMCY.B7 and ZAPHIR.B7) (data not shown). 11, 12, 13 Isolation of an alloreactive mHA-specific CD8 þ CTL from the MM tumor site To investigate whether mHA-specific CD8 þ T cells targeting MM cells could be isolated from the BM of patient UPN8458 at the moment a strong decline of M-protein level was observed (that is, 9-weeks post-DLI-2), HLA-DR þ CD8 þ T cells were sorted as single cells and clonally expanded. Functional analysis of outgrowing clones revealed that two CD8 þ T-cell clones, designated CTL clone 44 and CTL clone 298, displayed specific IFNg production against recipient EBV-LCL, but not towards donor EBV-LCL, indicating the recognition of a disparate mHA (Figure 2a) . Next, HLA restriction of these CTL clones was determined by using blocking antibodies. Release of IFNg was completely abolished by anti-HLA class I antibodies, but not by antibodies against anti-HLA-A2 or anti-HLA-B/C (Figure 2b ). This indicated that CTL clones 44 and 298 were restricted for HLA-A3 as the HLA type of patient UPN8458 was A2, A3, B7 and B35. Testing of EBV-LCL from unrelated individuals sharing expression of HLA-A3 with the recipient indeed revealed that both CTL clone 44 as well as CTL clone 298 recognizes 5 out of 7 tested EBV-LCL, confirming restriction of the mHA-specific T cells for HLA-A3 (Figure 2c ). As no differences were observed in recognition pattern of CTL clone 44 compared with clone 298, further experiments were performed using CTL clone 44 only. These data indicate that mHA-specific CD8 þ T cells against an unknown HLA-A3-presented mHA were present in vivo in MM patient UPN8458 following allogeneic RIC--SCT and DLI.
CTL clone 44 recognizes a HLA-A3-restricted mHA expressed on transformed B cell lines and monocyte-derived DC, but not fibroblast cell lines Next, we investigated whether the HLA-A3-restricted mHA recognized by CTL clone 44 was expressed by hematopoietic tumor cell lines, primary MM tumor cells or healthy fibroblasts. Interestingly, CTL clone 44 significantly recognizes the U266 myeloma cell line and the RAJI Burkitt's lymphoma cell line (Figure 3a) . In contrast, the HLA-A3
þ Jurkat T ALL cell line and Monomac6 monocytic cell line were not recognized. In addition, flow cytometry-based cytotoxicity assays were performed to determine whether CTL clone 44 not only produced IFNg upon recognition, but also mediate killing of the recognized B cell lines. We observed that CTL clone 44 significantly targets the recipient EBV-LCL, but not the donor EBV-LCL (Figure 3b) . Furthermore, in agreement with stimulating IFNg production, the HLA-A3 þ cell lines U266 and RAJI were lysed efficiently by CTL clone 44 (Figure 3c) . Moreover, CTL clone 44 was cytotoxic towards primary HLA- (Figure 3d) . In addition, we tested cytotoxicity of CTL clone 44 towards healthy fibroblasts. Therefore, EBV-LCL and BM-derived fibroblasts from mHA þ HLA-A3 þ healthy donors were used as target cells. CTL clone 44 produced IFNg upon co-culture with EBV-LCL, whereas TNFa/IFNg pretreated BM-derived fibroblasts were not recognized (Figure 3e) .
Collectively, these findings show that CTL clone 44 isolated from MM patient UPN8458 targets myeloma tumor cells, whereas BMderived fibroblasts are not recognized.
Detection of mHA-specific CD8
þ T cells in vivo by quantitative PCR
We have established that mHA-specific CTL clone 44 can target MM cells in vitro; however, to execute this function in vivo, the CTL has to be present at the BM tumor site. Therefore, we performed quantitative PCR analysis of the TCR specific for CTL clone 44 on PBMC and BM mononuclear cells collected from patient UPN8458 at several time points during post-transplant immunotherapy. First, TCR-Vb-region PCR analysis was performed revealing expression of TCR-Vb24 þ by CD8 þ CTL clone 44 (data not shown). Next, sequencing of the CTL-specific TCR-Vb24 transcript was performed after amplification of the TCR using a forward primer specific for Vb24 and a reverse primer specific for the constant region. A rearranged region, unique for the TCR-Vb24 chain of CTL clone 44, flanked by the V and J domain (no D domain present) on both sides, was identified that was used to develop primers for a TCR clone-specific quantitative PCR. Finally, CD8 and CTL clone 44-specific TCR gene expression in PB and BM was determined by real-time quantitative PCR and normalized for the housekeeping gene Pbgd. Data are expressed as the level of CTL clone 44-specific TCR gene expression corrected for the total amount of CD8 expression (Figure 4) . CTL clone 44 TCR transcripts were found in both PB and BM already at the time of the first DLI. Interestingly, an increase of the TCR signal was observed in the BM 9-weeks post-DLI-2 as well as 3 weeks after the third recipient DC vaccination. In contrast, a decrease of the CTL clone 44-specific TCR signal was found in PB. These data suggest either increased migration or direct boosting of CTL clone 44 in the BM tumor site by the post-transplantation immunotherapy. DISCUSSION mHA are considered to have a dominant role in mediating graftversus-tumor reactivity after HLA-identical allo-SCT for hematological malignancies. 15, 16, 17 Recently, we demonstrated that partial T-cell-depleted allogeneic RIC --SCT creates a platform for inducing graft-versus-tumor immunity by post-transplant immunotherapy in patients suffering from MM. Escalating dose DLI could be given to most patients (63%) and vaccination with KLH-loaded recipient DCs was explored in six patients. 4 After vaccination, potent primary T-cell responses against KLH could be detected, but we did not observe mHA-specific T-cell responses against known mHA. In this case study, we aimed at isolating novel mHA-specific T cells involved in the GVM response in patient UPN8458, who obtained long-term clinical and molecular remission after RIC --SCT, DLI and DC vaccination in the absence of GVHD. Functional cloning of HLA-DR þ CD8 þ T cells obtained from BM at time of tumor remission resulted in the isolation of a HLA-A3-restricted CD8 þ CTL clone, designated clone 44, recognizing an unknown mHA. This CTL clone mediated IFNg production and cytotoxicity towards both primary MM cells and the MM cell line U266. Interestingly, mHA-specific CTL clone 44 did not target BM-derived fibroblasts derived from mHA þ healthy donors. Previously, mHA-specific T cells have been isolated from relapsed MM patients post-DLI. These mHA-specific T cells recognized patient MM cells and characterization of these T-cell clones isolated from peripheral blood ultimately led to the molecular identification of the mHAs ADIR 6 and ECGF. 7 In this case report, the HLA-A3-restricted CTL clone 44 from our patient UPN8458 was isolated from BM, the site where the tumor resides. Quantitative analysis of CTL clone 44-specific TCR transcripts revealed the presence of CTL clone 44 in both peripheral blood and BM. Interestingly, a strong increase of the CTL at the BM tumor site was observed following DLI and DC vaccination. Notably, we could also show that, during post-transplantation immunotherapy, the amount of these mHA-specific T cells increased in the BM, whereas, in blood levels, it became undetectable. Previously, it has been described that high-avidity leukemia-reactive T cells reside preferentially in the BM in contrast to other specific T-cell populations that are evenly distributed between BM and peripheral blood. 18 Although we, at this stage, have no information or possibilities to explore the avidity of CTL clone 44, we showed that this population does reside almost exclusively in the BM confirming previous studies. CD8
þ T cells homing to the BM have a specific chemokine receptor profile, distinct from T cells homing to secondary lymphoid organs. 19 Further research mapping the chemokine receptor profiles of MMreactive T cells isolated from blood and BM overtime would provide new insights into the role of DC vaccination. An important question to address is whether the observed accumulation of CTL clone 44 is due to increased proliferation or increased trafficking towards the tumor site.
We have shown that RIC-therapy followed by partial T-celldepleted allo-SCT creates a platform for boosting the GVM effect by post-transplantation immunotherapy. 4 Patient UPN8458 was treated by both DLI and unloaded recipient-derived DC vaccines. Although the initial priming of mHA-specific T cells is most probably done by recipient DC, which can still be present following RIC, donor-derived DC may drive further expansion of the T-cell compartment owing to cross-presentation (reviewed in ref 14) Here, we show that recipient-derived Mo-DC vaccination might have been involved in increased T-cell responses in the BM, although this is not yet robustly demonstrated in this case study. Therefore, the use of donor-derived DC loaded with mHA peptide should be explored more extensively in the future. This approach circumvents the obstacle of cryopreservation and has previously proved to be safe as post-transplantation therapy. 20, 21, 22 In conclusion, this case report describes an interesting mHAspecific T-cell response in a MM patient who was successfully treated with partial T-cell-depleted RIC --SCT followed by DLI and DC vaccination. During post-transplantation immunotherapy, measurable M-protein disappeared in the patient resulting in long-term CR. This study shows that the approach of partial T-celldepleted SCT followed by DLI and DC vaccination induces mHAspecific T-cell responses targeting MM tumor cells. Furthermore, our findings suggest that DLI and possibly DC vaccination results in boosting or increased trafficking of mHA-specific CTL to the BM. Identification of the antigenic targets of alloreactive T cells remains important for the further understanding of the graft-versus-tumor response in different malignancies and for development of strategies to selectively target tumor cells after allo-SCT.
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